Effect of land use, seasonality, and hydrometeorological conditions on the K^{+} concentration-discharge relationship during different types of floods in Carpathian Foothills catchments (Poland) by Siwek, Joanna et al.
Effect of Land Use, Seasonality, and Hydrometeorological
Conditions on the K+ Concentration–Discharge Relationship
During Different Types of Floods in Carpathian Foothills
Catchments (Poland)
Joanna P. Siwek & Mirosław Żelazny & Janusz Siwek &
Wojciech Szymański
Received: 28 March 2017 /Accepted: 20 September 2017 /Published online: 13 November 2017
# The Author(s) 2017. This article is an open access publication
Abstract The purpose of the study was to determine
the role of land use, seasonality, and hydrometeorolog-
ical conditions on the relationship between stream water
potassium (K+) concentration and discharge during dif-
ferent types of floods—short- and long-duration rainfall
floods as well as snowmelt floods on frozen and thawed
soils. The research was conducted in small catchments
(agricultural, woodland, mixed-use) in the Carpathian
Foothills (Poland). In the woodland catchment, lower
K+ concentrations were noted for each given specific
runoff value for summer rainfall floods versus snowmelt
floods (seasonal effect). In the agricultural and mixed-
use catchments, the opposite was true due to their great-
er ability to flush K+ out of the soil in the summer. In the
stream draining woodland catchment, higher K+ con-
centrations occurred during the rising limb than during
the falling limb of the hydrograph (clockwise hysteresis)
for all flood types, except for snowmelt floods with the
ground not frozen. In the agricultural catchment, clock-
wise hystereses were produced for short- and long-
duration rainfall floods caused by high-intensity, high-
volume rainfall, while anticlockwise hystereses were
produced for short- and long-duration rainfall floods
caused by low-intensity, low-volume rainfall as well as
during snowmelt floods with the soil frozen and not
frozen. In the mixed-use catchment, the hysteresis di-
rection was also affected by different lag times for water
reaching stream channels from areas with different land
use. K+ hystereses for the woodland catchment were
more narrow than those for the agricultural and mixed-
use catchments due to a smaller pool of K+ in the
woodland catchment. In all streams, the widest hystere-
ses were produced for rainfall floods preceded by a long
period without rainfall.
Keywords Potassium . Hysteresis patterns . Flood
events . Hydrometeorological conditions . Land use .
Foothills ofmiddlemountains
1 Introduction
Potassium (K+) plays an important role in the biological
life in a catchment. It is a so-called biogenic ion—along
with nitrogen and phosphorus (Hem 1985; Likens et al.
1994; Anderson et al. 1997; Barre et al. 2007). This
assertion is confirmed by research by Neal et al. (1992)
and Tetzlaff et al. (2007). Both studies note that once a
forest is cut down, the release of K+ from soils increases
permanently due to less intake by trees. K+ intake by
plants enrich the upper layers of the soil in K+ thanks to
a process called potassium uplift. In other words, K+
ions are moved up to the topsoil by plant growth
(Jobbágy and Jackson 2004). Unlike in the case of
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nitrogen and phosphorus, the current level of knowledge
on the effect of environmental factors on the K+ con-
centration in the water environment is quite insufficient,
as shown by Tripler et al. (2006). One of the few papers
that do provide a comprehensive analysis of K+ circula-
tion in catchments is that of Likens et al. (1994), which
is based on years of hydrochemical research at Hubbard
Brook experimental catchment in New Hampshire
(USA). This paper reviews the main causes of long-
term and seasonal changes in K+ concentrations in pre-
cipitation water and stream water.
Information on rates of change in the K+ concentra-
tion during flood events comes primarily from papers on
the so-called main ions, which include K+ (Edwards
1973; Foster 1978; Hill 1993; Anderson et al. 1997;
Sandén et al. 1997; Evans and Davies 1998; Siwek
et al. 2011). Most of these papers note that K+ reacts
differently to increased discharge than do other main
ions. K+ concentrations tend to increase during the
rising limb of a flood event (Edwards 1973; Foster
1978; Evans and Davies 1998; Siwek et al. 2011) or
remain the same (Hill 1993; Salmon et al. 2001). On the
other hand, most main ions tend to decline in concen-
tration under similar conditions. Some of the above
papers also note a weaker relationship between K+ and
discharge—relative to that for other main ions
(Anderson et al. 1997; Siwek et al. 2011). This differ-
ence is often attributed to the complex geochemical
properties of K+ (Evans et al. 1996). On the one hand,
K+ ions are easily adsorbed by clayminerals and organic
matter, which reduce their concentration in stream water
(Likens et al. 1994; Barré et al. 2007, 2008). On the
other hand, potassium salts such as sylvite, kainite, and
polyhalite tend to readily dissolve in water, which in-
creases the K+ concentration in water (Hem 1985).
The weak relationship between K+ and discharge is
also linked with the origin of K+ from a variety of
sources. In natural catchments (i.e., woodland catch-
ments), K+ in stream water may originate from the
leaching of bedrock (Caissie et al. 1996), ion exchange
(Williams et al. 2001), erosion and soil flushing
(Edwards 1973; Evans and Davies 1998; Holloway
and Dahlgren 2001), decomposition of organic matter
(Stottlemyer 2001), and dry and wet atmospheric depo-
sition (Likens et al. 1994). In woodland catchments, K+
can be washed out of or washed from the surface of
needles and bark (Likens et al. 1994; Evans and Davis
1998; Rothe et al. 2002; Małek and Astel 2008; Likens
2013). Another key reservoir of K+ consists of 2:1 clay
minerals occurred in the upper horizons of the soil that
adsorb K+ ions (Barré et al. 2007, 2008). Clay minerals
are an important part of stream channel sediments. K+
concentrations in stream water increase rapidly in the
early stages of many flood events due to the erosion of
clay minerals (Sandén et al. 1997). According to labo-
ratory experiments by Hill (1993), initial K+ concentra-
tions in storm runoff increased by 19–28% during a
contact time of 20–60 min with swamp substrates.
Koerselman et al. (1993) observed increased loss of
K+ in soils that have been frozen for 1 week, which they
attributed to the release of K+ from decaying microor-
ganisms. Human impact in a stream catchment also
leads to an increased potassium load in stream water in
the form of wastewater (Neal et al. 2000) and in the form
of increased organic and inorganic fertilizer content
(Holz 2010). K+ reaches stream channels from a wide
variety of sources and as part of various components of
discharge including groundwater, throughflow, and
runoff. Evans and Davies (1998) believe that K+ con-
centrations in stream water are determined by the se-
quence of runoff components and the relative content of
K+ in each given component. The relationship between
the K+ concentration and discharge often takes the form
of a hysteresis, which shows that the concentration of
K+ at a given discharge is different during the rising
limb from that during the falling limb (Foster 1978;
Evans and Davies 1998; Holz 2010). In effect, the K+
concentration versus discharge relationship can be used
to make inferences about key hydrologic processes oc-
curring in a studied catchment (Anderson et al. 1997;
Evans and Davies 1998; Siwek et al. 2011, 2013a).
There still exists a large knowledge gap in the area of
factors that impact K+ concentrations in stream water
during flood events. This gap is relevant, as the largest
loads of K+ enter river water during flood events. The
impact of environmental factors such as flood type on
the loss of K+ from catchments is important—and must
be considered when creating a schedule of potassium
fertilizer use in agricultural areas. An effective schedule
will reduce K+ loss from the soil and enhance plant
growth. Knowledge on human impact in the form of
the types of land use may be useful in spatial planning
(i.e., housing development) in areas threatened by the
eutrophication of water. The determination of the role of
any natural and anthropogenic factors in changes in the
K+ concentration during flood events requires the use of
detailed analysis (e.g., high sampling frequency) in dif-
ferent types of catchments during various types of flood
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events. Research has traditionally been conducted in
single catchments—in most cases woodland catchments
(Sandén et al. 1997; Stottlemyer 2001; Williams et al.
2001) experiencing one type of flood event, usually a
storm-driven flood (Foster 1978; Hill 1993; Sandén
et al. 1997). The purpose of this paper is to answer the
following three questions:
1. What is the role of hydrometeorological conditions
such as (i) the amount and intensity of precipitation,
(ii) changes in discharge, and (iii) the condition of
the soils (moisture levels, degree of freezing) in the
relationship between stream water K+ concentration
and discharge during a flood event?
2. Do changes in the K+ concentration in stream water
depend on flood type and seasonality?
3. What role in the K+ concentration in stream water
during flood events do catchment land use and
catchment size play?
The paper discusses key flood types identified in the
Carpathian Foothills, which were classified using the
factors that trigger them as well as based on environ-
mental conditions affecting each given flood event: (i)
rainfall floods and (ii) snowmelt floods and floods
caused by rainfall on snow. Floods were also distin-
guished as (ia) storm floods lasting several hours, and
(ib) long rainfall floods caused by stationary atmospher-
ic fronts producing precipitation over the course of
several days, but in some cases lasting more than
10 days. In addition, snowmelt floods and floods caused
by rainfall on snow were separated into two categories:
(iia) with the soil frozen and (iib) with the soil not frozen.
2 Study Area
The study area consists of the northern edge of the
Carpathian Foothills in southern Poland and includes
the Stara Rzeka catchment characterized by mixed land
use. The study area was divided into two sub-catch-
ments—the Leśny Potok woodland sub-catchment and
the Kubaleniec agricultural sub-catchment (Fig. 1). The
elevation of the Stara Rzeka catchment ranges from 217
to 362 m a.s.l.; mean hillslope is 7.65° (Siwek et al.
2013b).The dominant type of relief are low and medium
hills (Święchowicz 2002). The geology of the study area
includes two distinct units known as the Silesian and the
Sub-Silesian (I and II) units, which consist of
Cretaceous and Tertiary (Miocene) flysch formations.
The Silesian unit consists of mostly sandstone and shale,
while the Sub-Silesian unit I consists of sandstone,
claystone, shale, clay, and conglomerates. The Sub-
Silesian unit II consists of claystone, marl clay, gypsum,
sandstone, and salt (Olewicz 1973). The studied catch-
ment features a thick mantle of loess (called also loess-
like deposits) exceeding 10 m in thickness in some sites.
The loess is a parent material of Luvisols and Retisols
(IUSSWorking GroupWRB 2015), which are dominant
soil units in the study area (Skiba 1992; Skiba et al. 1998;
Szymański et al. 2011; Szymański and Skiba 2013). The
soils are characterized by a permeable surface and eluvial
horizons, which are underlain by a hardly permeable
illuvial (argillic, fragipan) horizon with clearly higher
content of clay fraction than upper part of soil profile.
Improper farming such as plowing along a slope has led
to some erosion of the eluvial horizon, exposing illuvial
horizon on the surface (Skiba et al. 1998).
The land use structure in the Stara Rzeka catchment
(surface area, 22.22 km2) is as follows: 42% woodland,
36% arable land, and 15%meadows and pastures. Local
villages, such as Brzeźnica, Kurów, and Dołuszyce (Fig.
1), discharge wastewater that diminishes the quality of
the local groundwater and surface water. Local commu-
nities do possess water mains, wells, and springs. How-
ever, there is no community sewer system, which leads
to 90% of local wastewater being left untreated. Most
household and farmwastewater is released into roadside
ditches that eventually channel water into local streams.
Local farmland is routinely covered with solid manure
in order to make the soil more fertile. Liquid manure is
used to make flat-bottomed valleys more fertile. Pure
potassium fertilizer use in the Małopolska region stands
at about 19.7 kg ha−1 year−1, while the national average
in Poland is 29.4 kg ha−1 year−1 (Central Statistical
Office 2011). The average for the European Union is
40 kg ha−1 year−1 (Barré et al. 2007).
The Kubaleniec sub-catchment (1.03 km2) is a typi-
cal agricultural catchment featuring hilly relief (low
hills) located atop the Sub-Silesian II geologic unit.
The elevation of the catchment ranges from 223 to
296 m a.s.l.; mean hillslope is 6.22° (Siwek et al.
2013b). The land use structure is as follows: 69% arable
land, 20% meadows and pastures, and 0.5% woodland.
The area is dominated by farms featuring long and
narrow plots (Święchowicz 2002). The village of
Brzeźnica is located along the boundary of the catch-
ment and its effluent contributes substantially to stream
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water pollution in the region, as household and farm
wastewater is discharged directly into the flat-bottomed
Kubaleniec Valley. The Kubaleniec catchment exhibits
a prevalence of Luvisols and Retisols on slopes and
summits of hills. Gleysols exhibiting clear evidence of
anaerobic conditions due to the shallow occurrence of
groundwater are present along the stream.
The Leśny Potok sub-catchment (0.48 km2) is locat-
ed atop the Silesian geologic unit. The elevation of the
catchment ranges from 257 to 342 m a.s.l (medium
hills); mean hillslope is 9.99° (Siwek et al. 2013b).More
than 99% of the area is covered with forest between 40
and 80 years old, consisting mostly of beech (Fagus
sylvatica L.), fir (Abies alba Mill.), and complexes
closely genetically linked to mixed Pino-Quercetum
forests. The area is characterized by a flat valley bottom
populated with young alder (Alnus incana L.). The
catchment features many steep V-shaped valleys
forming deep-cutting badlands and this is the main
reason that this area is not inhabited by people. Luvisols
and Retisols found on slopes and summits of hills as
well as Gleysols found across the bottoms of valleys
prevail in the Leśny Potok catchment. The main
difference between soils occurring in the Leśny Potok
catchment and those in the Kubaleniec catchment is that
Luvisols and Retisols are more eroded in the latter
catchment due to plowing along slopes.
3 Methods
3.1 Field Measurements and Laboratory Analysis
Research work was conducted in the period 2002–2004.
Water samples were collected at a number of gauging
sites in each sub-catchment—Leśny Potok and
Kubaleniec (Fig. 1). A total of 29 flood events were
studied—of which seven were triggered by prolonged
rainfall. Another seven floods were triggered by high-
intensity storm rainfall and the remaining 15 floods were
snowmelt floods. The 2003 and 2004 hydrological years,
in which most of the floods were sampled, were charac-
terized by a slightly lower average annual air temperature
(8.5 °C) than a multi-year average (8.9 °C in 1993–2016
hydrological years), lower average annual precipitation
(522.5 mm in 2003–2004, 720 mm in 1993–2016), and
Fig. 1 Location of the study area
in the Carpathians (a). Hypsometry
and geology of the Stara Rzeka
catchment (b). Land use of the
Stara Rzeka catchment (c)
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lower average annual specific runoff in the Stara Rzeka
catchment (4.4 dm3 s−1 km−2 in 2003–2004,
7.3 dm3 s−1 km−2 in 1993–2016). The distribution of
average monthly temperatures, precipitation, and specific
runoff of Stara Rzeka in 2003–2004 hydrological years
generally resembled that of the analyzed multi-year peri-
od (Fig. 2). The details on the hydrometeorological con-
ditions present at the time of each flood are available in
Table 1 and in Siwek et al. (2011, 2013b). Water samples
were obtained manually at time intervals ranging from
minutes to hours, depending on the rate of flow at a given
point in time and the duration of the flood event. Each
field observation included visual inspection of overland
flow during each flood event. Water samples from over-
land flow were collected manually during selected flood
events at sites not equipped with instruments. The
sampling site distribution represented different types of
land use—arable land, meadows, and forest paths. Water
samples were filtered through SARTORIUS (0.45 μm)
filters. K+ concentrations were measured using a
JENWAY PFP 7 flame photometer.
Discharge was determined at gauging sites continu-
ously measuring water levels (float gauge, until
May 2003) and in 10-min time intervals (pressure-type
water level sensors, after May 2003). Discharge was
calculated using rating curves produced using a proce-
dure by Wanielista et al. (1997) and Dingman (2002).
The rating curve was extrapolated for Kubaleniec gauge
data, but the range of extrapolation did not exceed 10%
of measured water stages. Meteorological data were
obtained from a station located in the Stara Rzeka River
catchment (Fig. 1).
Fig. 2 Average monthly air
temperatures, precipitation and
specific runoff values in the Stara
Rzeka catchment during the study
period (2003–2004 hydrological
years) and multi-year period
(1993–2016)
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Samples of streambed and riverbank (both sides)
sediments were collected in the upper, middle, and
lower parts of the studied streams. In addition, the
samples were collected also from one of the tributaries
of the Stara Rzeka–Dworski Potok, which drain agricul-
tural catchment (Fig. 1). The samples were air dried,
crushed using a wooden rolling pin, and screened
through a 2-mm sieve. Physical properties and content
of exchangeable K+ were determined in the fine earth
material (fraction < 2mm). Particle-size distributionwas
determined using a sieving (for sand fraction) and a
hydrometer method (for silt and clay fractions) (Gee
and Bauder 1986). Concentration of exchangeable K+
were measured by flame atomic absorption spectrome-
try (FAAS) after extraction with 1M ammonium acetate
at pH = 7 (Sumner and Miller 1996).
3.2 Statistical Analysis
The relationship between the K+ concentration and dis-
charge was determined using the linear regression equa-
tion Ŷ = a + bX, where Ŷ stands for estimated Y values
(K+ concentration mg dm−3), a the intercept, b the slope
of the regression line, and X the independent variable
Table 1 Hydrometeorological characteristics of studied floods
Catchment Time Flood type The maximum specific
runoff [dm3 s−1 km−2]
Amount of
precipitation [mm]
Woodland January 14–16, 2003 Sf1 7.3 0.5
March 9–15, 2003 Sf2 156.9 25.5
July 10–11, 2003 Rs1 16.7 8.1
January 12–15, 2004 Su1 4.6 6.4
June 20–21, 2004 Rs2 13.8 6.9
July 27–31, 2004 Rp1 402.1 110.6
Agricultural July 15–16, 2002 Rs1 0.6 3.8
July 16–17, 2002 Rs2 235.2 40.4
August 13–21, 2002 Rp1 50.0 43.4
October 17–November 7, 2002 Rp2 79.3 60.5
January 14–16, 2003 Sf1 10.5 0.5
March 9–15, 2003 Sf2 228.8 25.5
January 12–15, 2004 Su1 10.5 6.4
February 1–9, 2004 Su2 12.8 17.0
March 10–19, 2004 Su3 77.9 0.2
March 25–30, 2004 Su4 80.4 29.5
July 27–August 1, 2004 Rp3 103.1 110.6
Mixed July 15–16, 2002 Rs1 10.0 3.8
July 16–17, 2002 Rs2 184.4 40.4
August 13–21, 2002 Rp1 19.4 43.4
October 17–November 9, 2002 Rp2 64.8 62.0
January 14–16, 2003 Sf1 8.5 0.5
March 9–15, 2003 Sf2 334.3 25.5
January 12–16, 2004 Su1 8.5 6.4
February 1–10, 2004 Su2 17.7 17.0
March 10–20, 2004 Su3 45.6 2.6
March 25–30, 2004 Su4 47.0 29.5
July 23–25, 2004 Rs3 13.0 19.8
July 26–August 1, 2004 Rp3 200.7 110.6
Rs storm rainfall floods, Rp prolonged rainfall floods, Sf snowmelt floods with the soil frozen, Su snowmelt floods with the soil unfrozen,
1,2,3… number of consecutive floods
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(discharge dm3 s−1). The strength of the relationship
between the K+ concentration and discharge was deter-
mined via the coefficient of determination R2, which
shows the percentage of the variation in the dependent
variable that can be explained by variation in the inde-
pendent variable (Shaw and Wheeler 1997). The
direction and width of hystereses were determined
using standard graphing methods as well as a novel
method proposed by Siwek et al. (2013b) that appears
to produce more objective results. This new method is
based on an analysis of average regression residuals K+
versus discharge for the rising limb ēr and the falling
limb ēf of a flood event (Fig. 3). Clockwise hystereses
tend to yield average residuals in the rising limb that
exceed those in the falling limb (ēr > ēf). The opposite is
true in the case of anticlockwise hystereses (ēr < ēf). The
gap between average residuals calculated for the rising
limb and the falling limb (|ēr| + |ēf|) indicates the size of
the hysteresis loop. The calculations were done using
Statistica 10.0.
4 Results
K+ concentrations in the stream water were markedly
lower in the woodland catchment versus the agricultural
and mixed-use catchments for all flood types (Fig. 4).
Furthermore, K+ concentrations were clearly lower in
the period preceding flood events in the studied
woodland catchment (Table 2). Changes in the K+ con-
centration were also smaller in the stream draining
woodland catchment relative to other catchment types
during the studied flood events (Fig. 4). The concentra-
tion of K+ decreased in the course of each subsequent
snowmelt flood event (Sf1–Sf2, Su1–Su4, see Fig. 4) in
the agricultural and mixed-use catchments. In the wood-
land catchment, the opposite was true. The K+ concen-
tration was actually higher during the second of two
subsequent snowmelt flood events.
In the woodland catchment, the concentration of K+
was higher at each given specific runoff value during
snowmelt events with the ground unfrozen versus sum-
mer rainfall floods (storms and long-lasting rainfall) and
snowmelt floods with the ground frozen. The opposite
was true in both agricultural and mixed-use catchments,
as the concentration of K+ was higher during summer
rainfall floods versus mid-winter and spring floods driv-
en by the melting of snow. Lower K+ concentrations
were noted during snowmelt floods with the ground
frozen versus snowmelt floods with the ground not
frozen (Fig. 5).
The concentration of K+ increased in all the studied
streams at the beginning of each studied flood event, as
discharge began to increase. Afterwards, concentration
patterns varied, with concentration sometimes decreas-
ing and sometimes increasing or remaining the same
(Fig. 6). Such variations in the concentration of K+ in the
course of selected flood events produced a weak or
statistically insignificant relationship between K+ con-
centration and discharge, as expressed by low coeffi-
cients of regression R2 (Table 3).
The hysteresis effect was noted for K+ concentrations
versus discharge during flood events in each studied
stream. This effect can be summarized as a change in
the K+ concentration from the rising limb of a flood to
its falling limb. In the stream draining the woodland
catchment, higher K+ concentrations were measured
during the rising limb versus the falling limb for all
flood types—except in the case of snowmelt floods with
the soil not frozen (Fig. 7, see also Fig. 3). K+ hysteresis
noted for the woodland catchment were visibly
narrower compared with those for the agricultural and
mixed-use catchments. This narrow pattern is illustrated
via smaller differences between average regression re-
siduals for the rising limb and the falling limb (Fig. 8).
Anticlockwise hysteresis was predominant in the ag-
ricultural catchment—seven out of 11 cases. This was the
case for all snowmelt floods with the ground frozen (Sf1,
Fig. 3 Scheme of determining of regression residuals based onK+
concentration changes of the Leśny Potok (woodland) stream
water during summer storm event (June 20–21, 2004)
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Fig. 4 Statistical characteristics of K+ concentration in the three
studied streams during different types of floods (Rs, storm rainfall
floods; Rp, prolonged rainfall floods; Sf, snowmelt floods with the
soil frozen; Su, snowmelt floods with the soil unfrozen; 1,2,3…,
number of consecutive floods)
Table 2 K+ concentration in an event water and in a baseflow [mg dm−3]
Catchment Time Flood type Baseflow Event water
Median Mean Maximum
Woodland January 14–16, 2003 Sf1 1.6 1.9 1.9 2.1
March 9–15, 2003 Sf2 2.6 2.6 2.3 3.0
July 10–11, 2003 Rs1 2.3 2.8 2.7 3.0
January 12–15, 2004 Su1 1.9 3.5 3.5 4.0
June 20–21, 2004 Rs2 1.4 1.3 1.3 1.4
July 27–31, 2004 Rp1 1.6 1.9 1.9 2.5
Agricultural July 15–16, 2002 Rs1 3.4 6.9 6.5 10.1
July 16–17, 2002 Rs2 4.6 8.6 8.6 9.9
August 13–21, 2002 Rp1 7.3 6.4 6.3 8.3
October 17–November 7, 2002 Rp2 4.5 5.6 5.6 6.6
January 14–16, 2003 Sf1 2.9 4.2 4.0 5.0
March 9–15, 2003 Sf2 2.0 3.5 3.4 4.1
January 12–15, 2004 Su1 5.2 9.2 9.5 10.9
February 1–9, 2004 Su2 5.5 8.1 8.3 9.9
March 10–19, 2004 Su3 3.9 4.7 4.5 5.8
March 25–30, 2004 Su4 4.0 4.1 4.1 4.2
July 27–August 1, 2004 Rp3 3.8 6.3 5.9 9.7
Mixed July 15–16, 2002 Rs1 4.4 4.6 5.0 8.3
July 16–17, 2002 Rs2 4.3 5.4 5.7 8.9
August 13–21, 2002 Rp1 4.9 5.3 5.6 7.6
October 17–November 9, 2002 Rp2 3.8 5.6 5.7 7.2
January 14–16, 2003 Sf1 2.6 4.5 4.4 4.9
March 9–15, 2003 Sf2 3.3 3.3 3.5 4.4
January 12–16, 2004 Su1 3.6 7.5 7.5 10.0
February 1–10, 2004 Su2 4.4 5.4 5.3 5.7
March 10–20, 2004 Su3 4.8 5.5 5.3 7.6
March 25–30, 2004 Su4 5.5 4.5 4.4 4.9
July 23–25, 2004 Rs3 6.4 7.8 8.2 10.2
July 26–August 1, 2004 Rp3 6.4 5.8 6.0 10.2
Rs storm rainfall floods, Rp prolonged rainfall floods, Sf snowmelt floods with the soil frozen, Su snowmelt floods with the soil unfrozen,
1,2,3… number of consecutive floods
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Sf2; see Fig. 6), long-lasting rainfall floods (Rp1 = 9 days;
Rp2 = 22 days) caused by high precipitation
(Rp1 = 43.4 mm; Rp2 = 60.5 mm) characterized by low
mean intensity (Rp1 = 0.25 mm h
−1; Rp2 = 0.15 mm h
−1).
This was also the case for a small storm-driven flood
preceded by a relatively long (11 days) period without
rainfall (Rs1; Fig. 6). Anticlockwise K
+ hysteresis in the
stream draining the agricultural catchment was also dur-
ing two out of four snowmelt flood events with the
ground not frozen (Su1, Su3). In the remaining two cases
(Su2, Su4), changes in the concentration of K
+ were so
complex that an unambiguous classification as clockwise
hystereses based on graphical analysis was not possible,
despite this being the classification suggested by an anal-
ysis of regression residuals (Table 3, Fig. 8). Clockwise
hysteresis for K+ concentrations in the agricultural catch-
ment was produced for a 6-day flood event caused by
long rainfall (Rp3) of 110.6 mm and characterized by a
mean intensity of 0.92 mm h−1 (Fig. 6). Clockwise hys-
tereses in the studied agricultural catchment were also
produced for abrupt floods caused by storms (Rs2) char-
acterized by precipitation of 40.4 mm and a mean inten-
sity of 7.7 mm h−1 as well as preexisting high soil
moisture levels (Fig. 6).
Both clockwise and anticlockwise K+ hystereses
were produced for the studied mixed-use catchment
for different types of flood events; however, clockwise
hysteresis was more common. K+ hysteresis in stream
draining the mixed-use catchment was quite complex
for several flood events (Rs2, Rp2, Su2, Su4), which
made it impossible to classify them as either clearly
clockwise or clearly anticlockwise. This was due to
significant variability in the K+ concentration, as mea-
sured during the studied flood waves. In addition, it is
worth noting that the K+ hysteresis produced for the
mixed-use and agricultural catchments were anticlock-
wise for rainfall floods occurring in catchments charac-
terized by dry soil conditions (Rs1; see Fig. 6, Rs3). On
the other hand, K+ hysteresis produced for rainfall
floods occurring in catchments characterized by
preexisting high soil moisture levels (Rs2, Rp3) were
clockwise (Fig. 6).
5 Discussion
5.1 Relationship Between K+ Concentration
and Discharge—Sources of Catchment K+
The present study has shown that K+ concentrations are
characterized by a poor or statistically insignificant rela-
tionship with discharge relative to that with other main
ions (Siwek et al. 2011). The reason for this pattern is the
fact that K+ in the studied catchments comes from a
variety of different sources reaching stream bed at differ-
ent stages of the flood wave and characterizing by differ-
ent and varying over time concentration of K+. Two main
sources (paths of delivery) of K+ are overland flow and
throughflow (areal sources). The mean K+ concentration
of overland flow during a long-lasting rainfall event
(July–August 2004) equaled 5.3 mg dm−3 (n = 6) in the
agricultural catchment, and 3.8 mg dm−3 (n = 3) in the
woodland catchment. During a snowmelt event with
frozen soils (March 2003), the mean concentration of
K+ in overland flow equaled 2.8 mg dm−3 (n = 15) in
the agricultural catchment and 3.7 mg dm−3 (n = 7) in the
woodland catchment. K+ delivery with overland flow is
facilitated by a quite high quantity of clay fraction
Fig. 5 K+ concentration versus specific runoff Q in the three
streams with respect to particular types of floods (square, intensive
storm events; triangle, prolonged rainfall events; filled circle,
snowmelt events with the soil frozen; empty circle, snowmelt
events with the soil unfrozen)
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(< 0.002 mm) from the soils of the Stara Rzeka catch-
ment; according to Barré et al. (2007, 2008), K+ ions are
easily adsorbed by clay minerals. In surface soil horizons
found on the slopes of the agricultural catchment of
Kubaleniec, the clay fraction content ranges between 12
and 16% while the K+ exchangeable content ranges
between 0.37 and 0.39 cmolc kg
−1 (unpublished data). It
should be noted that loess-like deposits prevailing in the
study area are very susceptible for erosion. Some quantity
of K+ is also transported towards streams via throughflow
affecting agricultural fields that utilize organic and inor-
ganic fertilizer. The K+ concentration of throughflow
Fig. 6 Changes of stream water K+ concentration of Kubaleniec and Stara Rzeka during floods of different types: storm rainfall floods (Rs),
prolonged rainfall floods (Rp), and snowmelt floods with the soil frozen (Sf)
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varied depending on soil moisture antecedent conditions.
The highest K+ concentration (38.6 mg dm−3) was ob-
served in the agricultural catchment in an early stage of a
storm event preceded by 18 days without rainfall, while
with high soil moisture, the concentration decreased to
0.3 mg dm−3. In the woodland catchment, the
throughflow K+ concentration ranged from 0.8 to
8.7 mg dm−3.
It is important to note that the mean amount of potas-
sium fertilizer used in Małopolska Province, where the
Stara Rzeka catchment is located, is less than half that
used in European Union countries: 19.7 versus
40 kg year−1 (Barré et al. 2007; Central Statistical
Office 2011). Some K+ is also released upon the shifting
of streambed sediments and thanks to bank erosion
during the rising limb of a flood wave. This is crucial
in agricultural catchments where exchangeable K+ con-
tent in streambed and riverbank sediments is higher than
in the woodland catchment (Table 4). It is the conse-
quence of the higher delivery of K+ from the hillslopes as
Table 3 Direction of K+ hysteresis loops based on residuals from regression analysis
Catchment Time Flood type Average values of residuals from
regression analysis [mg dm−3]
R2 p Hysteresis direction
Rising limb Falling limb
Woodland January 14–16, 2003 Sf1 0.012 − 0.025 0.814 0.014 Clockwise
March 9–15, 2003 Sf2 0.180 − 0.103 0.232 0.134 Clockwise
July 10–11, 2003 Rs1 0.137 − 0.082 0.456 0.006 Clockwise
January 12–15, 2004 Su1 − 0.149 0.186 0.652 0.009 Counterclockwise
June 20–21, 2004 Rs2 0.073 − 0.077 0.050 0.050 Clockwise
July 27–31, 2004 Rp1 0.037 − 0.022 0.049 0.308 Clockwise
Agricultural July 15–16, 2002 Rs1 − 0.225 0.869 0.041 0.574 Counterclockwise
July 16–17, 2002 Rs2 0.458 0.124 0.489 0.024 Clockwise
August 13–21, 2002 Rp1 − 0.391 0.364 0.276 0.119 Counterclockwise
October 17–November 7, 2002 Rp2 − 0.229 0.448 0.598 0.015 Counterclockwise
January 14–16, 2003 Sf1 − 0.231 0.581 0.062 0.462 Counterclockwise
March 9–15, 2003 Sf2 − 0.274 0.177 0.007 0.760 Counterclockwise
January 12–15, 2004 Su1 − 0.423 1.042 0.204 0.164 Counterclockwise
February 1–9, 2004 Su2 0.136 − 0.068 0.000 0.964 Clockwise
March 10–19, 2004 Su3 − 0.305 0.279 0.008 0.707 Counterclockwise
March 25–30, 2004 Su4 0.022 − 0.011 0.230 0.336 Clockwise
July 27–August 1, 2004 Rp3 0.821 − 0.423 0.162 0.079 Clockwise
Mixed July 15–16, 2002 Rs1 − 0.711 0.860 0.050 0.484 Counterclockwise
July 16–17, 2002 Rs2 0.274 − 0.141 0.254 0.137 Clockwise
August 13–21, 2002 Rp1 0.456 − 0.381 0.730 0.001 Clockwise
October 17–November 9, 2002 Rp2 0.231 − 0.111 0.592 0.015 Clockwise
January 14–16, 2003 Sf1 − 0.009 0.285 0.411 0.034 Counterclockwise
March 9–15, 2003 Sf2 0.153 − 0.086 0.083 0.296 Clockwise
January 12–16, 2004 Su1 0.350 − 0.438 0.264 0.158 Clockwise
February 1–10, 2004 Su2 − 0.182 0.091 0.009 0.811 Counterclockwise
March 10–20, 2004 Su3 0.467 − 0.536 0.044 0.374 Clockwise
March 25–30, 2004 Su4 0.399 − 0.399 0.131 0.481 Clockwise
July 23–25, 2004 Rs3 − 0.368 0.520 0.046 0.645 Counterclockwise
July 26–August 1, 2004 Rp3 0.315 − 0.325 0.229 0.024 Clockwise
Rs storm rainfall floods, Rp prolonged rainfall floods, Sf snowmelt floods with the soil frozen, Su snowmelt floods with the soil unfrozen,
1,2,3… number of consecutive floods, R2 coefficient of determination, p statistical significance)
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well as the higher content of clay fraction in sediments in
agricultural catchments. In agricultural catchments such
as Kubaleniec and Stara Rzeka, point sources of K+ are
very important and include untreated wastewater that
enters roadside ditches and later local streams. Accord-
ing to Pietrzak (2005), the quantity of untreated house-
hold wastewater released into local streams in the Stara
Rzeka catchment equals 6 to 7 mm year−1. Hence, in-
creased discharge in the course of flood events causes a
decrease in K+ concentration thanks to the dilution of
wastewater from point sources as well as an increase in
K+ concentration due to the flushing of soils across areal
sources and the delivery of K+ from these sources to
streams via eroded soil particles.
Each source of K+ in the studied catchments releases
K+ at different stages of the flood wave, which further
serves to weaken the relationship between K+ concen-
tration and discharge. This trend was observed for storm
floods in the Kubaleniec agricultural catchment in July
of 2002. A small flood event occurred on July 15th and
16th and was characterized by discharge reaching
0.6 dm3 s−1. The first high peak in K+ concentration in
Fig. 7 Changes of stream water K+ concentration of Leśny Potok
during summer storm event
Fig. 8 Range between average regression residuals of the rising
and the falling limbs of the hydrographs (|ēr| + |ēf|) in the three
studied streams during different types of floods. Question mark
indicates that changes in the concentration of K+ were so
complex that an unambiguous classification as clockwise or
anticlockwise hystereses based on graphical analysis was not
possible, despite this being the classification suggested by an
analysis of regression residuals
445 Page 12 of 20 Water Air Soil Pollut (2017) 228: 445
stream water was most likely caused by the shifting of
streambed sediments and bank sediments, as evidenced
by the simultaneous increase in suspended matter con-
centration (data not shown). The second peak lasted
longer and was caused by the flushing of K+ out of the
soils by precipitation and its delivery to the stream
channel via throughflow. Another flood occurred on
July 16th and 17th and was characterized by much
larger discharge (up to 242 dm3 s−1). In this case, the
first peak in K+ concentration was associated with the
shifting of streambed sediments and bank erosion, while
the second peak was caused by the influx of overland
flow. The K+ concentration began to increase again once
the flood wave began to recede, although the rate of
increase was small due to the influx of throughflow from
distant parts of the catchment. Sandén et al. (1997)
observed two K+ concentration peaks during a storm
flood in a stream draining a small woodland catchment
in southeastern Sweden. The first K+ peak was attribut-
ed to potassium-rich bank and channel material in the
studied stream. The second peak, occurring during the
falling limb of the flood, was explained in terms of K+
flushing in the upper layers of the soil. Hyer et al. (2001)
also observed two K+ concentration peaks during storm
floods in a small agricultural catchment in the USA,
known as Muddy Creek. The first peak was attributed
to potassium-rich overland flow reaching the studied
stream, while the second peak was attributed to the
arrival of soil water.
5.2 Effect of Land Use on Stream K+ Concentrations
Land use in the three studied catchments plays an im-
portant role in the concentration of K+ in stream water.
K+ concentrations during flood events, as well as prior to
flood events, were markedly lower in the woodland
catchment than in agricultural andmixed-use catchments
due to a lower supply of K+ in the woodland catchment.
The lower K+ concentration in stream water in the
woodland catchment in pre-flood periods is the result
of lowerK+ concentrations in groundwater. According to
Żelazny (2005a), the mean K+ concentration in ground-
water—well water—in the Silesian unit, the geological
parent material of the woodland catchment, is
3.9 mg dm−3. The mean K+ concentration in groundwa-
ter in the Sub-Silesian I and II units, the main geological
parent material of the agricultural and mixed-use catch-
ments, is 8.2 and 27.7 mg dm−3, respectively. According
to Żelazny (2005a) and Siwek (2012), human impact
play an important role in the determining the K+ concen-
tration in ground water of the Sub-Silesian I and II units.
Important sources of K+ in groundwater in the agricul-
tural and mixed-use catchments are leaking septic tanks
as well as organic and mineral fertilizers. These two
catchments do not possess sewer lines or wastewater
treatment plants. Nowadays, it is very hard or even
impossible to unambiguously distinguish the impact of
geology from the impact of land use on the K+ concen-
tration in ground water. The large supply of K+ in the
agricultural andmixed-use catchments was the cause of a
large peak in K+ concentration in stream water at the
beginning of the studied flood events. This occurred via
the shifting of streambed sediments rich in K+ as well as
via soil flushing by rainfall and snowmelt. The K+ con-
centration in stream water in the agricultural catchments
reached 10–11 mg dm−3 at the beginning of each studied
flood event. The K+ concentration, for the same time
period, in the woodland catchment reached only 3–
4 mg dm−3. Foster (1978) investigated a small agricul-
tural catchment in East Devon in the UK and found that
seasonal changes in land use affected the K+ concentra-
tion in stream water during flood events. K+ concentra-
tions were found to be lower during the crop growing
period, as the amount of K+ washed away from the soil
Table 4 Average concentration of exchangeable K+ and particle-size distribution in streambed and riverbank sediments (n – number
of samples)




n K+ Sand Silt Clay n K+ Sand Silt Clay
cmol kg−1 % cmol kg−1 %
Leśny Potok (woodland) 3 0.12 53.3 42.0 4.7 Sandy loam 6 0.13 37.2 52.8 10.0 Silt loam
Kubaleniec (agricultural) 3 0.18 16.0 74.0 10.0 Silt loam 6 0.13 13.8 74.5 11.7 Silt loam
Dworski Potok (agricultural) 3 0.28 21.6 70.7 7.7 Silt loam 6 0.29 15.7 72.8 11.5 Silt loam
Stara Rzeka (mixed) 1 0.16 56.0 38.0 6.0 Sandy loam 2 0.17 31.5 56.0 12.5 Silt loam
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surface by high-intensity rainfall decreased. On the other
hand, the plowing season produced increased K+ con-
centrations in stream water thanks to a high rate of K+
washout across plowed soil surfaces. However, our re-
search work in agricultural and mixed-use catchments
has not shown a relationship between seasonal work in
the fields and a resulting change in land use and K+
concentrations in stream water during flood events.
Despite the large supply of K+ in the agricultural and
mixed-use catchments, a gradual depletion is very likely
under certain circumstances. This process was observed
during a period of several subsequent snowmelt flood
events. A similar process was observed by Holz (2010)
in a stream draining a small agricultural catchment in
Tasmania. In our research, we did not observe an in-
crease in K+ in stream water at the end of the snowmelt
season—a reference to K+ originating in the flushing out
of decaying organic matter accumulated in snow during
the winter, as described by Stottemyer (2001) who stat-
ed that higher air and snow temperatures favor such an
increase towards the end of the snowmelt season. In the
agricultural and mixed-use catchments we investigated,
the accumulation of organic matter in the snow cover
was limited due to its complete disappearance during
selected snowmelt events. Accumulation was possible
in the studied woodland catchment where the snow
cover did not disappear altogether in the course of
subsequent snowmelt events. However, despite the ob-
served higher concentrations of K+ during the second
snowmelt flood in March of 2013, compared with the
first studied snowmelt flood in January of 2013, the
small number of flood events studied makes it impossi-
ble to draw any solid conclusions.
5.3 Effect of Seasonality and Flood Type on K+
Concentration in Stream Water
Our research has shown that flood type determines the
K+ concentration in stream water in the course of flood
events. This relationship has not been published on
extensively, as most papers tend to focus on rainfall
floods (Foster 1978; Sandén 1997; Holloway and
Dahlgren 2001; Holz 2010). Higher concentrations of
streamwater K+ in the woodland catchment during mid-
winter and spring snowmelt floods versus summer rain-
fall floods indicate that the seasonal (vegetation) factor,
i.e., a larger intake of K+ by plants in the summer, plays
an important role in determining stream water K+ con-
centration in the woodland catchment during floods.
The influence of vegetation cover was not observed in
the agricultural and mixed-use catchments, where
higher concentrations of stream water K+ were noted
during summer rainfall floods versus snowmelt floods.
Our research has shown that in the agricultural and
mixed-use catchments, featuring a very large pool of
K+, a much more important factor than the plant potas-
sium intake was the ability to flush K+ out of the soil.
The strongest likelihood of K+ being flushed out of the
soils in agricultural and mixed-use catchments occurs
during summer rainfall floods, both storm floods and
long rainfall floods. This was due to good rainwater
infiltration conditions, which produced good conditions
for flushing K+ out of the soil. The infiltration of snow-
melt water in the soil was limited during snowmelt
floods, especially floods with the ground frozen, which
made it less possible to flush out K+. This relationship
was also confirmed by Siwek et al. (2013a) using factor
analysis that showed that the higher the soil temperature
at a depth of 5 cm, the higher the K+ concentration in
stream water in agricultural and mixed-use catchments.
Opposite patterns were noted for the woodland catch-
ment, where a seasonal factor was identified (Siwek
et al. 2013a).
5.4 Role of Water Supply Patterns and Antecedent
Conditions on the K+/Q Hysteresis Pattern
The hysteresis effect was observed to describe changes
in the K+ concentration in the studied streams during
flood events. The existence of this effect in the case of
K+ was also documented by Holz (2010) as well as
Evans and Davies (1998). Our research has shown that
the concentration of K+, at a given specific runoff, in the
course of virtually all flood events in the woodland
catchment was higher during the rising limb versus the
falling limb of the flood wave. The one exception
consisted of a snowmelt flood with the ground not
frozen. This trend was determined by the studied
streams’ water recharge mechanisms and the supply of
K+ in each given catchment. Stream flow during flood
events occurring in the woodland catchment was mostly
determined by two components of runoff—groundwater
and throughflow. The significance of overland flow was
marginal. A dense network of various types of gullies
cutting into slopes in the woodland catchment played a
special role in flow patterns associated with throughflow
and its path to stream channels during flood events.
Precipitation water infiltrating the soils was drained
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quite rapidly and would accelerate upon reaching the
surface. According to Dunne and Black (1970), the rate
of acceleration ranged between 100 and 150 times the
flow rate in the soils. Clockwise K+ hystereses for a
stream draining the woodland catchment indicate flush-
ing and a gradual loss of K+ from the soils in the course
of single flood events. Our research confirmed the find-
ings of Evans and Davies (1998) in that soil flushing
may lead to the formation of clockwise convex hyster-
eses for streams recharged during floods by two com-
ponents of runoff. No distinct increase in K+ concentra-
tion was noted in the early stages of the increase in
discharge in the woodland catchment in the case of all
but one flood—a long rainfall flood. This type of in-
crease would suggest the delivery of K+ to the studied
stream channel along with shifting streambed material
and bank material. The evidence for this was low ex-
changeable K+ content in sediments accumulated in the
channel of the stream draining the woodland catchment
(Table 4). Most of the sediment consisted of sand whose
K+ adsorption capabilities are quite poor (Monger and
Kelly 2002).
Clockwise K+ hystereses in the agricultural catch-
ment were noted for storm-driven floods and floods
produced by long rainfall of high intensity. Higher K+
concentrations in the rising limb versus the falling limb
of the studied flood wave were produced by (i) the
shifting of accumulated streambed sediments and bank
sediments, (ii) delivery of K+ as part of overland flow,
and (iii) delivery of K+ via throughflow. The delivery of
K+ via shifting streambed sediments and bank sedi-
ments was inferred from a rapid and substantial increase
in K+ concentration at the beginning of the flood wave.
Silt loam or sandy loam particle-size distribution of
material that lines the streambed in the agricultural
catchment is undoubtedly good at adsorbing and storing
K+ arriving from various sources including untreated
wastewater from area farms. Overland flow played an
important role in the delivery of K+ to the stream
draining the agricultural catchment. It intensified rapidly
during floods caused by rainfall of high amount and
high intensity, which was confirmed via measurements
of the concentration of PO4
3− and the measurement of
specific conductivity (Siwek et al. 2009, 2013b). Over-
land flow was most likely to form along dirt roads,
paths, and rills separating agricultural fields. It also
tended to form relatively rapidly on farmland found on
hill slopes following soil saturation with water and a
decrease in the rate of infiltration. The rapid formation
of overland flow was also facilitated by the shallow
presence of a clayey argillic (fragipan) horizon, which
created a barrier halting infiltrating water (Szymański
and Skiba 2013). The argillic horizon was often encoun-
tered at the surface due to the erosion of the upper soil
layers facilitated by the plowing of farm fields. Only
throughflow and groundwater contributed K+ ions to the
stream draining the studied agricultural catchment dur-
ing the falling limb of the flood wave. As the rain
ceased, overland flow disappeared very quickly from
the slopes.
Overland flow in the agricultural catchment of
Kubaleniec appeared following soil saturation during
long-lasting floods caused by continuous, low-intensity
rainfall. This explains why the K+ concentration was
higher during the falling limb versus the rising limb of
the flood resulting in anticlockwise hystereses. A similar
situation was observed during snowmelt floods occur-
ring with the ground not frozen, which was able to
saturate with at least some of the water from melting
snow in the early stages of each studied flood event.
Anticlockwise hystereses were also produced for snow-
melt floods with the ground frozen; however, the forma-
tion mechanism for these hystereses was different from
that for floods with the ground not frozen. Water from
melting snow flowing on the frozen ground had a sig-
nificant contributor to the stream at the beginning of each
given snowmelt flood. The snow cover was character-
ized by low K+ concentrations, as shown by the research
of Żelazny (2005b) who found that the average concen-
tration of K+ in winter precipitation was 0.2 mg dm−3 in
the period 2002–2004. One significant moment in this
type of flood is the incision made by snowmelt water in
the unfreezing ground. This leads to an increase in theK+
concentration both in snowmelt water flowing across the
catchment surface as well as in stream water (Fig. 6c).
The flushing out of K+ from an increasingly thick layer
of unfreezing soil leads to a higher K+ concentration
during the falling limb of the flood wave (versus the
rising limb). According to Evans and Davies (1998),
hysteresis direction and width are determined by the
concentration of ions in each given runoff component,
given a constant sequence of runoff components in each
studied catchment. Our hydrochemical research and
fieldwork indicate that the sequence of the arrival of each
runoff component is not constant per catchment and the
sequence may change depending on flood type and
hydrometeorological conditions in each given catchment
affected by a flood event.
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The size of the catchment was an additional factor
modifying the K+ supply pattern; however, this effect
was partially connected with differences in land use in
the bigger catchment. The studied mixed-use catchment
was characterized by variable arrival times for water
coming in from various parts of the catchment, with
each part producing water with a different concentration
of K+. The main type of K+ hysteresis was clockwise,
which was associated with the faster arrival of water rich
in K+ at the terminus of the studied catchment. This
water rich in K+ originated in a nearby agricultural part
of the mixed-use catchment. Water from the more dis-
tant woodland part, characterized by a smaller supply of
K+, was detected at the terminus of the mixed-use catch-
ment following a time delay.
K+ hysteresis are much narrower in the woodland
catchment than in the studied agricultural catchments due
to smaller differences in K+ concentration noted in the
various runoff components in the woodland catchment.
In the studied agricultural and mixed-use catchments, the
Fig. 9 Scheme ofmain sources and pathways of K+ in streamwater during floods of different types inwoodland and agricultural catchments
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broadest hysteresis loops were noted for summer rainfall
floods occurring under dry catchment conditions. This is
due to the large pool of K+ stored in the soils during
periods without rainfall occurring prior to flood events
and strong ability of throughflow flushing K+ out of the
soils. Evans and Davies (1998) observed seasonal changes
in hysteresis width, which they attributed to changing K+
concentrations in soil water over the course of the year. In
our research, K+ hysteresis width was determined not only
by the pool of K+ in the catchment immediately prior to a
flood event but also by the ability of its delivery to a stream
channel. This ability increaseswith increasing precipitation
volume and intensity responsible for a given flood event.
6 Conclusions
Our research has shown that land use, hydrometeoro-
logical conditions, and seasonality play an important
role in determining K+ concentrations in stream water
during flood events. These factors determine the pool of
K+ available for transport via infiltrating water and
affect the water recharge mechanisms in action during
flood events. In the woodland catchment, seasonality
plays an important role in determining stream water K+
concentration during floods. Intake of K+ by plants in
the summer results in a lower concentration of stream
water K+ during summer rainfall events than during
mid-winter and spring snowmelt events. In the agricul-
tural and mixed-use catchments, the influence of sea-
sonality on stream water K+ concentration during floods
was not observed. Agricultural and mixed-use catch-
ments possess a larger pool of K+ than woodland catch-
ments, which results in higher K+ content in stream
water during flood events. The pool of K+ depends on
soil moisture conditions in each given catchment imme-
diately prior to a flood event. The pool of K+ is larger
during floods preceded by a long period without rainfall
that results in very dry catchment conditions versus
floods preceded by periods high in soil moisture. The
larger the pool of K+ in the catchment, the larger the
difference in K+ concentration during the rising and
falling limbs of the flood wave, which results in a wider
K+ hysteresis loop.
Catchment land use and hydrometeorological condi-
tions characteristic of flood types such as storm floods
and long rainfall floods as well as snowmelt floods with
the ground frozen and not frozen are instrumental in the
manner of recharging streamswith water. The recharging
mechanism is vital in the process of flushing out K+ from
Table 5 Summary of main findings
Role of land use Role of seasonality and hydrometeorological
conditions
Concentration of K+ Higher K+ concentration in the streams
draining agricultural and mixed-use catch-
ments than in the stream drainingwoodland
catchment
In the streams draining agricultural and mixed-use
catchments, higher K+ concentration during summer
rainfall floods than during snowmelt events. In the
stream draining woodland catchment, lower K+ oc-
curred during summer floods than during snowmelt
floods. In all streams, lower K+ concentrations oc-
curred during snowmelts with the ground frozen
than during snowmelts with the ground unfrozen
K+ hysteresis size Wider K+ hystereses in the streams draining
agricultural and mixed-use catchments than
in the stream draining woodland catchment
Wider K+ hystereses during summer rainfall floods
than during snowmelt floods. In the case of summer
rainfall floods, wider K+ hystereses during floods
preceded by a long period without rainfall (low soil
moisture levels) versus floods preceded by period
with rainfall (high soil moisture levels)
K+ hysteresis direction In the stream draining woodland catchment: clockwise K+ hystereses for all flood types, except for snowmelt
floods with the ground not frozen. In the stream draining agricultural catchment: clockwise hystereses for
short- and long-duration rainfall floods caused by high-intensity, high-volume rainfall; counterclockwise
hystereses for short and long duration rainfall floods caused by low-intensity, low-volume rainfall as well
as during snowmelt floods with the soil frozen and not frozen. In the mixed-use catchment: the hysteresis
direction was affected by different lag times for water reaching stream channels from areas with different
land use
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the soils and its delivery to stream channels along with
groundwater, overland flow, and throughflow. Higher K+
concentrations in stream water in each studied agricul-
tural and mixed-use catchment were recorded in the
course of summer rainfall floods versus snowmelt
floods—at a given specific runoff. In all studied catch-
ments, the lowest K+ concentrations were recorded dur-
ing snowmelt floods with the ground frozen.
The sequence of runoff components was not fixed in
each given catchment and depended on hydrometeoro-
logical conditions in each studied catchment in the
course of each flood event and immediately prior to it.
The direction of K+ hysteresis in the course of floods
was determined by the time it takes for overland flow
and throughflow to reach stream channels (Fig. 9).
Clockwise hysteresis was produced for all flood types
in the woodland catchment except for snowmelt floods
with the ground not frozen. This hysteresis direction was
associated with the flushing out of K+ from the soils and
its delivery via throughflow. Overland flow played a
marginal role in the woodland catchment. In the agri-
cultural catchment, clockwise hystereses were produced
for high-intensity, high-volume rainfall floods. This type
of strong precipitation made it possible for rapid forma-
tion of overland flow, which served as a key source of
K+ in stream water. Anticlockwise hystereses were pro-
duced for the agricultural catchment for low-intensity
rainfall floods as well as for snowmelt floods with the
ground frozen and not frozen. In the mixed-use catch-
ment, the direction of K+ hysteresis depended addition-
ally on the time it takes for water to reach the main
stream from different parts of the catchment character-
ized by different land use. Table 5 contains the main
findings of the study.
Acknowledgements The research project was funded by the Pol-
ish Committee for Scientific Research (Project 3 P04G 050 22). In
addition, this research was partially financed by Poland’s National
Science Centre based on Decision Number DEC-2012/05/D/ST10/
00527. The authors wish to thank Grzegorz Zębik for his helpful
advice and correction of the English language of the manuscript.
Open Access This article is distributed under the terms of the
Creative Commons Attribution 4.0 International License (http://
creativecommons.org/licenses/by/4.0/), which permits unrestrict-
ed use, distribution, and reproduction in any medium, provided
you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons license, and indicate if
changes were made.
References
Anderson, S. P., Dietrich,W. E., Torres, R., Montgomery, D. R., &
Loague, K. (1997). Concentration-discharge relationships in
runoff from steep, unchanneled catchment. Water Resources
Research, 33(1), 211–225. https://doi.org/10.1029/96
WR02715.
Barré, P., Velde, B., & Abbadie, L. (2007). Dynamic role of Billite-
like^ clay minerals in temperate soils: facts and hypotheses.
Biogeochemistry, 82, 77–88. https://doi.org/10.1007/s10533-
006-9054-2.
Barré, P., Velde, B., Fontaine, C., Catel, N., & Abbadie, L. (2008).
Which 2:1 clay minerals are involved in the soil potassium
reservoir? Insights from potassium addition or removal ex-
periments on three temperate grassland soil clay assem-
blages. Geoderma, 146, 216–223. https://doi.org/10.1016/j.
geoderma.2008.05.022.
Caissie, D., Pollock, T. L., & Cunjak, R. A. (1996). Variation in
stream water chemistry and hydrograph separation in a small
drainage basin. Journal of Hydrology, 178, 137–157.
https://doi.org/10.1016/0022-1694(95)02806-4.
Central Statistical Office. (2011).Means of production in agricul-
ture in the 2010/2011 farming year. Warszawa: GUS.
Dingman, S. L. (2002). Physical hydrology. Upper Saddle River:
Prentice Hall.
Dunne, T., & Black, R. D. (1970). Partial area contributions to
storm runoff in a small New England watershed. Water
Resources Research, 6(5), 1296–1311.
Edwards, A. M. C. (1973). The variation of dissolved constituents
with discharge in some Norfolk Rivers. Journal of
Hydrology, 18, 219–242.
Evans, C., & Davies, T. D. (1998). Causes of concentration/
discharge hysteresis and its potential as a tool for analysis
of episode hydrochemistry. Water Resources Research,
34(1), 129–137. https://doi.org/10.1029/97WR0188.
Evans, C. D., Davies, T. D., Wigington Jr., P. J., Tranter, M., &
Kretser, W. A. (1996). Use of factor analysis to investigate
processes controlling the chemical composition of four
streams in the Adirondack Mountains, New York. Journal
of Hydrology, 185, 297–316. https://doi.org/10.1016/0022-
1694(95)02997-4.
Foster, I. D. L. (1978). A multivariate model of storm-period
solute behavior. Journal of Hydrology, 39, 339–353.
Gee, G. W., & Bauder, J. W. (1986). Particle-size analysis. In A.
Klute (Ed.), Methods of soil analysis. Part 1. Physical and
mineralogical methods (second ed., pp. 427–445). Madison:
ASA-SSSA.
Hem, J. D. (1985). Study and interpretation of the chemical
characteristics of natural water. Alexandria: U.S.
Geological Survey.
Hill, A. R. (1993). Base cation chemistry of storm runoff in a
forested headwater wetland. Water Resources Research,
29(8), 2663–2673. https://doi.org/10.1029/93WR00758.
Holloway, J. M., & Dahlgren, R. A. (2001). Seasonal and event-
scale variations in solute chemistry for four Sierra Nevada
catchments. Journal of Hydrology, 250, 106–121. https://doi.
org/10.1016/S0022-1694(01)00424-3.
Holz, G. K. (2010). Sources and processes of contaminant loss
from an intensively grazed catchment inferred from patterns
in discharge and concentration of thirteen analytes using high
445 Page 18 of 20 Water Air Soil Pollut (2017) 228: 445
intensity sampling. Journal of Hydrology, 383, 194–208.
https://doi.org/10.1016/j.jhydrol.2009.12.036.
Hyer, K. E., Hornberger, G. M., & Herman, J. S. (2001). Processes
controlling the episodic streamwater transport of atrazine and
other agrichemicals in an agricultural watershed. Journal of
Hydrology, 254(1–4), 47–66. https://doi.org/10.1016/S0022-
1694(01)00497-8.
IUSS Working Group WRB. (2015). World Reference Base for
Soil Resources 2014, update 2015, International soil classi-
fication system for naming soils and creating legends for soil
maps. World Soil Resources Reports No. 106. Rome: FAO.
Jobbágy, E. G., & Jackson, R. B. (2004). The uplift of soil
nutrients by plants: biogeochemical consequences across
scales. Ecology, 85(9), 2380–2389. https://doi.org/10.1890
/03-0245.
Koerselman, W., van Kerkhoven, M. B., & Verhoeven, J. T. A.
(1993). Release of inorganic N, P andK in peat soils; effect of
temperature , water chemis t ry and water level .
Biogeochemistry, 20, 63–81. https://doi.org/10.1007
/BF00004135.
Likens, G. E. (2013). Biogeochemistry of a forested ecosystem.
New York: Springer.
Likens, G. E., Driscoll, C. T., Buso, D. C., Siccama, D. F.,
Johnson, C. E., Lovett, G. M., Ryan, D. F., Fahey, T., &
Reiners, W. A. (1994). The biogeochemistry of potassium at
Hubbard Brook. Biogeochemistry, 25, 61–125. https://doi.
org/10.1007/BF00000881.
Małek, S., & Astel, A. (2008). Throughfall chemistry in spruce
chronosequence in southern Poland. Environmental
Pollution, 155, 517–527. https://doi.org/10.1016/j.
envpol.2008.01.031.
Monger, H. C., & Kelly, E. F. (2002). Silica minerals. In J. B.
Dixon & D. G. Schulze (Eds.), Soil mineralogy with envi-
ronmental applications (pp. 625–627). Madison: Soil
Science Society of America Inc..
Neal, C., Fisher, R., Smith, C. J., Hill, S., Neal, M., Conway, T.,
Ryland, G. P., & Jeffrey, H. A. (1992). The effects of tree
harvesting on stream-water quality at an acidic and acid-
sensitive spruce forested area: Plynlimon, mid-Wales.
Journal of Hydrology, 135, 305–319. https://doi.
org/10.1016/0022-1694(92)90093-B.
Neal, C.,Williams, R. J., Neal, M., Bhardwaj, L. C., Wickham, H.,
Harrow, M., & Hill, L. K. (2000). The water quality of the
river Thames at a rural site downstream of Oxford. Science of
the Total Environment, 251-252, 441–457. https://doi.
org/10.1016/S0048-9697(00)00398-3.
Olewicz, Z. R. (1973). Tektonika jednostki bocheńskiej i brzegu
jednostki śląskiej między Rabą a Uszwicą. Acta Geologica
Polonica, 23(4), 701–761.
Pietrzak, M. (2005). Gospodarka wodno-ściekowa na obszarze
zlewni pogórskiej położonej na Pogórzu Wiśnickim. In M.
Żelazny (Ed.), Dynamika obiegu związków biogennych w
wodach opadowych, powierzchniowych i podziemnych w
zlewniach o różnym użytkowaniu na Pogórzu Wiśnickim
(pp. 55–63). Kraków: Instytut Geografii i Gospodarki
Przestrzennej UJ.
Rothe, A., Huber, C., Kreutzer, K., &Weis, W. (2002). Deposition
and soil leaching in stands of Norway spruce and European
Beech: results from the Höglwald research in comparison
with other European case studies. Plant and Soil, 240, 33–
45. https://doi.org/10.1023/A:1015846906956.
Salmon, C. D., Walter, M. T., Hedin, L. O., & Brown, M. G.
(2001). Hydrological controls on chemical export from an
undisturbed old-growth Chilean forest. Journal of
Hydrology, 253, 69–80. https://doi.org/10.1016/S0022-1694
(01)00447-4.
Sandén, P., Karlsson, S., Düker, A., Ledin, A., & Lundman, L.
(1997). Variations in hydrochemistry, trace metal concentra-
tion and transport during a rain storm event in a small catch-
ment. Journal of Geochemical Exploration, 58, 145–155.
https://doi.org/10.1016/S0375-6742(96)00078-7.
Shaw, G., & Wheeler, D. (1997). Statistical techniques in geo-
graphical analysis. London: David Fulton Publishers.
Siwek, J. P. (2012). Naturalne i antropogeniczne uwarunkowania
zmienności chemizmu wód powierzchniowych w małych
zlewniach na progu Pogórza Wiśnickiego. Kraków: Instytut
Geografii i Gospodarki Przestrzennej UJ.
Siwek, J. P., Żelazny, M., & Chełmicki, W. (2009). The influence
of water circulation on stream water electrical conductivity in
catchments with different land use during flood periods (the
Carpathian Foothills, Poland). Technical Documents in
Hydrology, 84, 75–80.
Siwek, J. P., Żelazny, M., & Chełmicki, W. (2011). Influence of
catchment characteristics and flood type on relationship be-
tween streamwater chemistry and streamflow: case study
from Carpathian Foothills in Poland. Water, Air, & Soil
Pollution, 214, 547–563. https://doi.org/10.1007/s11270-
010-0445-6.
Siwek, J. P., Żelazny, M., & Chełmicki, W. (2013a).
Environmental and land use determinants of stream water
chemistry during flood events in small Carpathian Foothill
catchments in Poland. In J. Kozak, K. Ostapowicz, A.
Bytnerowicz, & B.Wyżga (Eds.), The Carpathians: integrat-
ing nature and society towards sustainability (pp. 161–178).
Verlag-Berlin-Heidelberg: Springer. https://doi.org/10.1007
/978-3-642-12725-0_12.
Siwek, J., Siwek, J. P., & Żelazny, M. (2013b). Environmental and
land use factors affecting phosphate hysteresis patterns of
stream water during flood events (Carpathian Foothills,
Poland). Hydrological Processes, 27(25), 3674–3684.
https://doi.org/10.1002/hyp.9484.
Skiba, S. (1992). Gleby zlewni Starej Rzeki na Pogórzu
Wielickim. Zeszyty Naukowe UJ. Prace Geograficzne, 88,
39–47.
Skiba, S., Drewnik, M., Klimek, M., & Szmuc, R. (1998). Soil
cover in the marginal zone of the Carpathian Foothills be-
tween the Raba and Uszwica rivers. Prace Geograficzne
Instytutu Geografii UJ, 103, 125–135.
Stottlemyer, R. (2001). Processes regulating watershed chemical
export during snowmelt, Fraser Experimental Forest,
Colorado. Journal of Hydrology, 245, 177–195. https://doi.
org/10.1016/S0022-1694(01)00352-3.
Sumner, M. E., & Miller, W. P. (1996). Cation exchange capacity
and exchange coefficients. In D. L. Sparks (Ed.),Methods of
soil analysis. Part 3. Chemical methods (pp. 1201–1229).
SSSA and ASA: Madison.
Święchowicz, J. (2002). The influence of plant cover and land use
on slope channel decoupling in a foothill catchment: a case
study from the Carpathian Foothills, Southern Poland. Earth
Surface Processes and Landforms, 27(5), 463–479.
https://doi.org/10.1002/esp.334.
Water Air Soil Pollut (2017) 228: 445 Page 19 of 20 445
Szymański, W., & Skiba, M. (2013). Distribution, morphology,
and chemical composition of Fe-Mn nodules in Albeluvisols
of the Carpathian Foothills, Poland. Pedosphere, 23(4), 445–
454. https://doi.org/10.1016/S1002-0160(13)60037-5.
Szymański, W., Skiba, M., & Skiba, S. (2011). Fragipan horizon
degradation and bleached tongues formation in Albeluvisols
of the Carpathian Foothills, Poland. Geoderma, 167-168,
340–350. https://doi.org/10.1016/j.geoderma.2011.07.007.
Tetzlaff, D., Malcolm, I. A., & Soulsby, C. (2007). Influence of
forestry, environmental change and climatic variability on the
hydrology, hydrochemistry and residence times of upland
catchments. Journal of Hydrology, 346, 93–111. https://doi.
org/10.1016/j.jhydrol.2007.08.016.
Tripler, C. E., Kaushal, S. S., Likens, G. E., & Walter, M. T.
(2006). Patterns in potassium dynamics in forest ecosystems.
Ecology Letters, 9, 451–466. https://doi.org/10.1111/j.1461-
0248.2006.00891.x.
Wanielista, M., Kersten, R., & Eaglin, R. (1997). Hydrology:
water quantity and quality control. New York: Wiley.
Williams, M. R., Leydecker, A., Brown, A. D., & Melack, J. M.
(2001). Processes regulating the solute concentrations of
snowmelt runoff in two subalpine catchments of the Sierra
Nevada, California. Water Resources Research, 37, 1993–
2008. https://doi.org/10.1029/2000WR900361.
Żelazny, M. (2005a). Cechy fizykochemiczne wód podziemnych.
InM. Żelazny (Ed.),Dynamika obiegu związków biogennych
w wodach opadowych, powierzchniowych i podziemnych w
zlewniach o różnym użytkowaniu na Pogórzu Wiśnickim (pp.
167–175). Kraków: Instytut Geografii i Gospodarki
Przestrzennej UJ.
Żelazny, M. (2005b). Cechy fizykochemiczne opadów
atmosferycznych. In M. Żelazny (Ed.), Dynamika obiegu
zw ią z ków b iogennych w wodach opadowych ,
powierzchniowych i podziemnych w zlewniach o różnym
użytkowaniu na Pogórzu Wiśnickim (pp. 63–100). Kraków:
Instytut Geografii i Gospodarki Przestrzennej UJ.
445 Page 20 of 20 Water Air Soil Pollut (2017) 228: 445
